PURPOSE: To estimate incidence of age-related macular degeneration (AMD) by subtype in American whites aged ‡50 years. DESIGN: Systematic review and meta-analysis. METHODS: SETTING: Prospective cohort studies of AMD incidence in populations of white European ancestry published in MEDLINE, EMBASE, and Web of Science. STUDY POPULATION: Fourteen publications in 10 populations that examined AMD incident cases were identified. OBSERVATION PROCEDURE: Data on age-sexspecific incidence of late AMD, geographic atrophy (GA) and neovascular AMD (NVAMD), year of recruitment, AMD grading method, and continent were extracted. MAIN OUTCOME MEASURE(S): Annual incidence of late AMD, GA, and NVAMD by age-sex in American whites aged ‡50 years from a Bayesian meta-analysis of incidence studies was compared with incidence extrapolated from published prevalence estimates.
RESULTS: Incidence rates from the review agreed with those derived from prevalence, but the latter were based on more data, especially at older ages and by AMD subtypes. Annual incidence (estimated from prevalence) of late AMD in American whites was 3.5 per 1000 aged ‡50 years (95% credible interval 2.5, 4.7 per 1000), equivalent to 293 000 new cases in American whites per year (95% credible interval 207 000, 400 000). Incidence rates approximately quadrupled per decade in age. Annual incidence GA rates were 1.9 per 1000 aged ‡50 years, NVAMD rates were 1.8 per 1000. Late AMD incidence was 38% higher in women vs men (95% credible interval 6%, 82%).
CONCLUSIONS: Estimating AMD incidence from prevalence allows better characterization at older ages and by AMD subtype where longitudinal data from incidence studies are limited. late age-related macular degeneration (AMD) is important for estimating health service need and provision, especially in the context of providing new treatments. 1 While prevalence measures the proportion with disease in the population, incidence is a key measure to examine new cases over time, allowing current demand for health services to be planned. Additionally, monitoring changes in incidence over time may relate to changes in potential risk factors, providing clues to etiology and pathways to prevention. While a large number of population-based studies have reported the prevalence of AMD in older people, [2] [3] [4] fewer have reported incidence, especially with longterm follow-up. [5] [6] [7] Disability, frailty owing to reduced vision and/or other morbidities, and mortality are factors leading to loss to follow-up and nonparticipation over time. Differences in duration of follow-up, especially at older ages, will impact on incidence and may explain variability in estimates of incidence between studies. 5, [8] [9] [10] Low response rates, especially in the oldest age groups where AMD is more common, will lead to an underestimation of disease incidence. Moreover, when generalizing to a population at large, it is important that demographic characteristics of the entire population are taken into account. We have carried out a Bayesian meta-analysis of studies examining AMD incidence, allowing for differences in age and duration of follow-up. Incidence can also be estimated from agespecific prevalence. 11 We compare estimates of incidence from the meta-analysis of incidence studies with that derived from a meta-analysis of prevalence estimates 4 applied to the American white population demographics.
METHODS

SYSTEMATIC REVIEW PROCESS:
Eligible studies were those that reported on the prevalence and/or incidence of AMD. We searched MEDLINE (1950 onwards), EMBASE (1960 onwards), and Web of Science (1960 onwards) electronic databases; the search was updated to October 2012. 4 A combination of text words for AMD (age-related macula$ degeneration/age related maculopathy/senile macula$ degeneration) and epidemiologic terms (inciden$/prevalen$/Population$/Survey$) were combined with related subject headings in MEDLINE and EMBASE only (in addition to MESH/subject headings for population study designs). Studies that quantified the incidence of late AMD, geographic atrophy (GA), and/ or neovascular AMD (NVAMD) from a nondiseased state at baseline (in 1 or both eyes), in population-based samples of European ancestry, with detailed methods of sampling, were included. Studies were excluded if they were carried out in other racial groups, where nonspecific volunteers or those from particular professions (except for 1 study of American watermen) 12 were included, if they were hospital audits/surveys, or where self-reported diagnoses were made or clinical diagnosis was only ascertained in those with reduced vision (as these may represent a subgroup with disease). Papers reporting incidence rates based on counting eyes rather than individuals were also excluded. In total, 74 studies on incidence and prevalence were found and reviewed in detail (by A.R.R., Z.J., and C.G.O.), from which 14 publications based on 10 population studies contained relevant incidence data.
DATA EXTRACTION: AMD incidence rates (and associated 95% confidence limits and/or standard errors) were extracted, or calculated from the number of new cases reported over time (person-years), by age and sex, if available. The reported mean (or median) age at baseline or midpoint of the age range reported was used for analysis. If the age group was specified as younger than x, older than x, or xþ, then the age band was taken to be the same width as other age groups reported in the same study. The calendar year at baseline, period of follow-up, and number of participants were also recorded where available. Whether International Classification System or Wisconsin Age-Related Maculopathy Grading System (or other systems) were used was recorded, 13, 14 as was whether 1 eye or both eyes were examined (with or without fundus imaging). The geographic location of the study was extracted and classified into 3 continental regions (America, Australasia, Europe). We recorded whether an individual was defined as a case of AMD on the basis of disease being present in either eye/worse eye/at least 1 eye/1 or both eyes or only in 1 eye randomly selected for ocular assessment. Late AMD refers to eyes with GA and/or NVAMD. Data on other potential confounders, such as smoking, were not routinely available. Data were extracted by 3 reviewers (Z.J., A.R.R., C.G.O.) with independent extraction on a subgroup of studies. Disagreements were resolved by discussion.
META-ANALYSIS OF INCIDENCE STUDIES:
Most of the studies reported cumulative incidence as a percentage; only 1 study reported rates by person-years of follow-up. 15 Assuming incidence rates follow a Poisson distribution, a meta-analysis of incidence rates requires the number of cases of AMD along with the person-years of follow-up for each study. For the other studies either the personyears or the number of cases of AMD had to be derived from the published estimates of cumulative incidence and average duration of follow-up. If the number of new cases of AMD or person-years of follow-up were not reported, they were estimated from the reported cumulative incidence and average duration of follow-up. An assumption was made that cases of AMD occurred halfway through the follow-up period and that non-cases were followed-up for the entire duration of the study to give an approximation for person-years of follow-up for each study. Studyspecific incidence rates were combined using Bayesian Poisson meta-regression, adjusting for age, year of recruitment (to examine trends in incidence over time), continent (to examine geographic variations in incidence among populations of the same ancestry), and AMD classification system, to produce mutually adjusted rate ratios. Our model took into account that some studies had incidence rates for more than 1 age group and 3 populationbased studies reported incidence rates at different time points (eg, 5-, 10-, 15-year incidence). [5] [6] [7] 10, [15] [16] [17] As in our previous meta-analyses of prevalence, 4, 18 within-study repeated measures of incidence were modeled by a Poisson multilevel Bayesian meta-regression using WinBUGS software (MRC Biostatistics Unit, Cambridge, UK). Our model simultaneously took account of the following study level confounders: average age, sex, year of survey (to examine trends in incidence over time), continent (to examine geographic variations in incidence among populations of the same ancestry), and AMD classification system, to produce mutually adjusted rate ratios.
We obtained the prevalence of late AMD, GA, NVAMD (for men, women, and sexes combined) for each year of age from 50 to 97 years (the oldest reported age in the studies included) 4 from our earlier meta-analysis of 31 prevalence surveys (with 51 173 participants, including 1571 cases of late AMD, 455 with GA, and 404 with NVAMD). 4 These prevalence estimates allow for study characteristics, such as age of the sample, examination methods, and definitions of disease (internationally recognized definitions being preferred), 13, 14 and represent the most up-to-date meta-analysis of AMD prevalence in white populations, similar to the older white population of the US. Age-sex-specific estimates of prevalence standardized to studies using fundus imaging and either International Classification System or Wisconsin Age-Related Maculopathy Grading System were applied to 2011 American white population estimates 19 to give the prevalence of late AMD, GA, and NVAMD and absolute number of prevalent cases by 5-year age bands in men and women separately and combined. We give the 95% credible intervals of prevalence, which represents the range of values within which the true prevalence is expected to lie with 95% probability.
Owing to the relatively small number of longitudinal studies reporting incidence by AMD subtype and by sex (especially at older ages), we also derived estimates of incidence from age-sex-specific prevalence (standardized to studies using fundus imaging and either International Classification System or Wisconsin Age-Related Maculopathy Grading System) 4 using a method previously reported for estimating incidence of major causes of eye disease (including ''senile macular degeneration'') from the Framingham Eye Study. 11 The method assumes that (1) the duration of disease is life-long after diagnosis, since the disease is considered to be irreversible; (2) mortality risk is the same in diseased and nondiseased individuals; and (3) disease incidence and population composition (in terms of risk factors for late AMD) remain stable over time. These assumptions refer to the population at large, not the study population. Calculation of incidence requires knowledge of the population at the beginning of a given age interval (available from the US Census Bureau 19 ), the probability of dying (available from the National Centre for Health Statistics), 20 and the probability of AMD (estimated from prevalence) for the same age interval. We used this approach to estimate the annual incidence per 1000 by age for late AMD, GA, and NVAMD in men and women separately and combined.
Data presented on prevalence and incidence are based on ''either eye'' definitions (including at least 1 eye, worse eye, 1 or both eyes) using the International Classification System or Wisconsin Age-Related Maculopathy Grading System along with fundus imaging. 5, 7, 26 For late AMD this equates to approximately 135 000 person-years of follow-up with 361 incident cases of AMD. Twelve publications presented data for late AMD in men and women combined, and 10 publications provided data by sex.
RESULTS
SYSTEMATIC REVIEW AND META-ANALYSIS OF INCI-DENCE STUDIES:
The incidence per 1000 person-years of late AMD, GA, and NVAMD by age for each population is shown in Figure 1 . Incidence is plotted on a logarithmic scale and shows a linear increase with age. A meta-analysis of incidence studies showed that the incidence rate for late AMD triples per decade increase in age (rate ratio 2.9; 95% credible interval 2.6, 3.2, Table 2 ). There was no evidence of a trend in late AMD incidence rates over time. There was no evidence of a difference between studies using International Classification System or Wisconsin Age-Related Maculopathy Grading System (Table 2) . While late AMD incidence rates appeared marginally higher in the US and Australia, compared to Europe (Table 2) , there were only a small number of studies and credible intervals FIGURE 1. Incidence per 1000 person-years of late age-related macular degeneration (AMD), geographic atrophy (GA), and neovascular age related macular degeneration (NVAMD) by age for each population. Square symbols represent the estimated incidence per 1000 person-years of late AMD (Top), GA (Middle), and NVAMD (Bottom) at a given age for each study. Data points from the same study are joined by a straight line. The size of each symbol is inversely proportional to the standard error of the estimate of incidence. The vertical axis is plotted on a logarithmic scale.
were wide (and included the null value of 1). Hence, there was no strong evidence of geographic differences in late AMD incidence. However, while the same incident rates may apply, the age-sex structure of populations in these countries are heterogeneous; hence, the number of incident cases will differ markedly between countries. Incidence rates for late AMD were 38% higher in women than in men (rate ratio 1.4, 95% credible interval 1.1, 1.8). Exclusion of 1 small study carried out on American watermen, at the margins of the inclusion criteria, made no difference to the point estimate and marginally widened the confidence interval (odds ratio 1.38, 95% credible interval 1.08, 1.83). Incidence data for GA or NVAMD separately were available for 4 populations only. These data were insufficient to provide stable estimates of incidence by year of age by AMD subtypes.
INCIDENCE OF AGE-RELATED MACULAR DEGENERATION
IN THE AMERICAN WHITE POPULATION: Applying agespecific prevalence estimates from a recent meta-analysis 4 to the American white population aged 50-97 years gave an overall prevalence of late AMD of 2.3% (95% credible interval 1.7%, 3.2%). The Supplemental Table (available at AJO.com) gives estimates by age, sex, and AMD subtype. Figure 2 shows the 2 methods used to estimate annual incidence rate; A from the Bayesian meta-regression of incidence studies in populations of white European ancestry and B incidence estimated by applying age-specific prevalence 4 to the population demographics of the American white population. The 2 approaches yield similar rates (see absolute rate differences given in Figure 2) , with a steeper rise with age with method B (approximately quadrupling per decade; rate ratio 3.9, 95% credible interval 3.8, 4.0). Incidence estimated from age-specific prevalence yielded a tighter 95% credible interval and we were able to estimate it over a wider age range, as well as by AMD subtype and sex. Overall annual incidence in American whites estimated from prevalence is 3.5 per 1000 (95% credible interval 2.5, 4.7) for late AMD in those aged 50-97 years. The corresponding rates for GA and NVAMD are 1.9 per 1000 (95% credible interval 1.3, 2.8) and 1.8 per 1000 (95% credible interval 1.2, 2.5), respectively (Table 3 ). This corresponds to approximately 293 000 new cases of late AMD each year (95% credible interval 207 000, 400 000), and 160 000 (95% credible interval 107 000, 234 000) and 148 000 (95% credible interval 103 000, 207 000) for GA and NVAMD, respectively. The estimated total number of new cases rises rapidly from age 50 years to the mid-80s and then begins to drop (Figure 3) . In those aged 65 years and older the annual incidence rate for late AMD is 7.8 per 1000 (95% credible interval 5.5, 10.6), 4.3 per 1000 for GA (95% credible interval 2.9, 6.2), and 3.9 per 1000 for NVAMD (95% credible interval 2.7, 5.5). In those aged 80 years and older the annual incidence rates per 1000 are 19.4 (95% credible interval 13.8, 26.2), 10.9 (95% credible interval 7.2, 16.1), and 9.9 (95% credible interval 6.8, 14.0), respectively. Under 70 years of age the number of incident cases is similar in men and women. Beyond 70 years of age the number of new cases of AMD is consistently higher in women than in men (Table 3, Figure 3 ). For all age groups (except the youngest), women have a slightly higher annual incidence rate of late AMD (4 per 1000, 95% credible interval 2.3, 6.6) than men (2.4 per 1000, 95% credible interval 1.4, 4.2; Table 3 ). Overall, women have a marginally higher rate of GA than men, The comparison of women vs men is from a separate metaanalysis in the subset of 7 studies that reported data stratified by sex, taking account of the other factors listed in the table.
FIGURE 2. Annual incidence per 1000 of late age-related macular degeneration against age from a meta-analysis of incidence studies in populations of white European ancestry (solid circles) and as estimated from age-specific prevalence (open squares) applied to the demographics of the American white population. Incidence on the vertical axis is on a logarithmic scale.
but within each 5-year age group incidence rates in Table 3 for GA appear similar in men and women and this is partly owing to rounding. In those aged 65 years and older the incidence rates of NVAMD within each 5-year age group are higher in women than in men.
We carried out sensitivity analyses to test the assumption of equal mortality in cases and non-cases of AMD in estimating incidence from prevalence. If we assume substantial differences in mortality of up to 20% higher or 20% lower in cases of AMD, the incidence estimates are contained within the 95% credible intervals presented in Table 3 .
The Supplemental Figure ( available at AJO.com) shows the effect of differences in mortality 5%, 10%, and 20% higher or lower on the age-sex-specific incidence rates. It is noteworthy that a 20% higher or lower mortality is substantial, and the estimated age-sex annual incidence is contained within the original 95% credible intervals.
If we restrict our previous meta-analysis of prevalence 4 to US studies only (13 prevalence studies), the point estimates are included within the 95% credible interval presented in tables based on all studies of white European ancestry (30 prevalence studies that included both men 95% Cri ¼ Bayesian 95% credible interval; AMD ¼ age-related macular degeneration; GA ¼ geographic atrophy/dry AMD; NV ¼ neovascular/exudative/wet AMD.
Incidence estimated from prevalence for men and women combined is based on a meta-analysis of 30 prevalence studies, whereas estimates stratified by sex are from a meta-analysis of 19 studies that reported AMD prevalence by sex.
Absolute number of new cases per year is calculated by multiplying the numbers in the second, third, or fourth column by 1000, (eg, total number of cases of late AMD across all ages in men and women combined is 293 3 1000 ¼ 293 000).
and women); that is, estimates are in line with those already presented for all whites of European ancestry. However, the 95% credible intervals are much wider (ie, less precise) when the meta-analysis is restricted to US-only studies. This is what we would expect. Restricting the meta-analysis to US studies reduces the power, as the number of participants and cases of AMD contributing to the analysis is reduced.
DISCUSSION
WE PROVIDE THE MOST UP-TO-DATE ESTIMATES OF THE
number of new cases of late AMD among American whites per year. We show an exponential rise in AMD incidence with age and that women have a higher annual incidence rate of late AMD compared to men. Although late AMD incidence increases log-linearly with age, the absolute number of incident cases of late AMD decreases beyond the age of about 85 years because of increased mortality.
Owing to the limited number of prospective studies that report incidence by age, sex, and AMD subtype, we chose to estimate incidence from age-specific prevalence. However, a key question is whether this is comparable to obtaining incidence rates directly from a meta-analysis of prospective studies. Unfortunately, incidence rates were not systematically reported in prospective studies and had to be estimated from cumulative incidence and average duration of follow-up (except for 1 study 17 ). Approximating person-years of followup for each study from aggregated data (rather than individual data) may make rate estimates less accurate, especially with a disease that increases exponentially with age, in a population with high rates of other morbidities and mortality. In addition, follow-up in elderly prospective studies is challenging. There are a greater number of prevalence surveys that included data at older ages, allowing AMD incidence to be estimated over a wider age range by AMD subtype as well as in men and women separately. However, deriving incidence from prevalence requires a number of assumptions about the population: first, that disease remains incurable; second, that those with disease have similar mortality rates to those without; and third, that risk factors for disease remain stable. In terms of late AMD these assumptions are appropriate, as the first is correct, there is currently no evidence to argue against the second, 27-29 and while risk factors may have altered over time, particularly with reductions in cigarette smoking and improved diets, 30, 31 occurrence of the disease appears to have remained stable among studies with preferred methodologies (ie, using fundus imaging and international classification of disease) 4, 13, 14 and our metaanalysis did not elicit any trends in AMD incidence over time (Table 2) . Similarly, our meta-analysis of prevalence studies over an extended period of 30 years 4 did not show evidence of any trends in late AMD prevalence over time. This is consistent with recent evidence from serial data from the National Health and Nutrition Examination Survey (USA), which suggests that apparent declines in ''any'' AMD might be explained in part by methodological differences between successive surveys.
32 Figure 2 shows comparable estimates of incidence obtained directly from a meta-analysis of incidence studies and those estimated from age-specific prevalence obtained from a meta-analysis of prevalence estimates 4 standardized to the American white population demographics. Findings are further supported by our sensitivity analysis, presented as a Supplemental Figure, illustrating that there would have to be stark differences in mortality between cases and non-cases of AMD to substantially alter incidence estimated from prevalence.
In proportionate terms, annual incidence rates from prevalent studies suggest a quadrupling in risk per decade, whereas the meta-analysis of incidence studies suggests a tripling. Shortage of data at older ages and selection effects associated with longer-term follow-up may explain the weaker increase in incidence with age among incidence studies, compared to estimates from prevalence. Previous reports from prospective studies have also found a proportionate rise in AMD incidence with age but with less certainty, as these are often reported by broad age groups 6, 9, 17, 26 and are heavily dependent on the distribution of age within each study and duration of follow-up.
An individual participant meta-analysis could provide more accurate data on follow-up and exact age at event and adjust for individual environmental or genetic factors. Such an approach is preferable if these data can be obtained for all relevant studies. However, the difficulty with an individual patient data meta-analysis is that it is likely to represent a subset of well-resourced studies and may be biased if it is not representative of all studies. By adopting a more inclusive approach, we were able to include more studies, representing a wider age range of participants and increased sample size; this allowed more precise estimates of incidence for each year of age. We took account of study-level confounders including continent, AMD grading system, age, and sex and examined trends over time. We showed that there is no clear evidence of differences in late AMD incidence across the 3 continents. If we restrict the meta-analysis to studies conducted in the US alone the point estimates are contained within the 95% credible interval already presented in the paper. However, 95% credible interval based on studies conducted in the US only are less precise, with wider credible intervals, because they are based on fewer studies.
The higher incidence of late AMD observed in women, particularly for NVAMD, is supported by data published from prospective studies. [5] [6] [7] 9, 10, 16, 26 However, data from individual studies are often insufficiently powered to find a statistically significant difference between men and women. By applying our age-specific prevalence rate estimates to the US population we have been able to demonstrate and quantify the sex difference in AMD incidence rates and by AMD subtype. While these sex differences may have hormonal/menopausal etiologies, 33 there is increasing interest in whether this might be linked to sex difference in cerebrovascular events, 34 especially for NVAMD, where women have higher rates at older ages 35 (as cerebrovascular mortality may have already occurred in men). Although our overall estimates of NVAMD incidence are high (owing to the inclusion of those at older ages, especially in women), this does not reflect the number in need of treatment. The type of NVAMD on presentation cannot be estimated from these data, although some evidence suggests two thirds are likely to have classic forms of the disease that may benefit from treatment. 36 Of note, the inclusion of older ages in our estimates may include a large number who are unwilling or too frail to undergo treatment.
Findings from this study provide clear recommendations for the use and interpretation of study methods, particularly the ascertainment of AMD cases in the future. The review provides contemporary estimates of the number of incident cases of late AMD, GA, and NVAMD in the white older population of the US. Accurate prediction of the numbers of new cases of late AMD, by type, is needed in order to more accurately estimate the cost of AMD, which will inform current and future healthcare provision. It is important to give country-specific data, when the potential impact on clinical practice and social service provision is very country dependent. Approximately 89% of the US population aged 80 years and older is white. 19 Evidence suggests similar or lower rates of AMD in populations of non-European ancestry, but data are sparse. 2, 37 These data demonstrate that late AMD is a significant public health problem, especially in an aging population. Although not all new cases of AMD would be eligible for treatment, they may require visual rehabilitation. As new therapies become available, the proportion of new cases that might benefit from treatment is likely to increase. Late AMD in women SUPPLEMENTAL FIGURE. The influence of differential mortality for individuals with late age-related macular degeneration (AMD) compared to those not affected by late AMD on the age-specific annual incidence of late AMD estimated from age-specific prevalence. The solid black round symbols are the point estimates already presented in the article, assuming that those with late AMD have the same mortality as those without late AMD. The corresponding 95% credible intervals are shown as solid black lines. The dashed lines assume that those with late AMD have a higher mortality and the dashed-dot lines assume that those with late AMD have a lower mortality. The line color corresponds to a difference in mortality of 5% for cyan, 10% for blue, and 20% for the red lines. A 20% higher or lower mortality is substantial, and even under these assumptions the estimated age-sex annual incidence is contained within the original 95% credible intervals, assuming nondifferential mortality between cases and non-cases of late AMD.
